Although curative treatment is surgery (resection/transplantation) and for small lesions ablative strategies, in primary liver carcinomas such as hepatocellular carcinoma and cholangiocellular carcinoma, palliative treatment is used for most of these patients because of lack of surgical options. These treatments are regional treatments such as transarterial chemoembolization, radiofrequency ablation, or microwave ablation and systemic treatments such as tyrosine kinase inhibitors. Surgery and chemotherapy are the main treatment options for metastatic liver tumors, particularly in colorectal tumors, although local treatment options are used for these patients. In recent years, transarterial radioembolization with yttrium-90 microsphere has emerged as a local treatment option in primary and metastatic liver tumors. The aim of this treatment is to provide an effective radiation dose distribution for the tumor in the liver tissue and to give the lowest dose in order to not harm the intact liver tissue. Radioembolization has proven to be as effective as other available palliative treatments in primary and secondary liver tumors and is a treatment method that is well tolerated. It has a risk for serious life-threatening complications, although this rate is low. Toxicity can be kept at a minimum with adequate technical and rigorous application in experienced hands and in accordance with multidisciplinarity. It is hoped that the effectiveness of radioembolization is further increased in the future by technological developments, researches on dosimetry, its use along with radiosensitizing agents, and various treatment combinations.
Introduction
Hepatocellular carcinoma (HCC) is one of the world's most common abdominal malignancies. Most patients have an underlying liver disease. The stage of tumor and the functional capacity of the liver determine the prognosis. A practical staging system based on the tumor burden, the liver function reserve, physical condition, and symptoms associated with cancer was developed by the Barcelona group (Barcelona Clinic Liver Cancer, BCLC). The tumor burden is determined by the number of tumors, size of tumor, portal vein invasion, or presence of extrahepatic metastasis. Here, the functional reserve of the liver is determined according to the Child-Pugh staging system (consists of serum albumin and bilirubin levels, the presence of acid and encephalopathy, prothrombin time/INR findings) and the physical condition is determined according to the performance classification of the Eastern Cooperative Oncology Group (ECOG). This staging system and accordingly, the overall treatment approach are summarized in Table 1 (1, 2).
While only 30%-40% of patients are appropriate for curative treatment (resection, transplantation and ablation for small lesions), the vast majority of about 60% is in the middle (B) or advanced (C) stage (2) . The general prognosis is poor in these patients with no potential curative treatment. Until now, the main treatment options in these patients were transarterial embolization (TAE), transarterial chemoembolization (TACE), or TACE with drug-releasing particles. Evidences of successful survival recovery with TACE have been presented (3) . However, TACE is no longer applied to patients with large tumor burden, vascular invasion, and/or failure of liver function with or without a decrease in performance (3) . On the other hand, tyrosine multikinase inhibitors administered as a systemic treatment in the advanced stage have been shown to have a beneficial effect on survival, but side effects restricting the treatment regimen are often reported (4) .
The main treatment options in metastatic liver tumors, particularly in colorectal tumors, are surgery and chemotherapy, and locoregional therapies are also preferred in appropriate patients (5) .
In recent years, radioembolization (RE) performed with yttrium-90 (Y-90) microspheres is among the locoregional treatment options for primary and metastatic liver tumors. The aim of this treatment is to ensure the distribution of an efficient radiation dose to tumor tissues in the liver and while doing this, to give the minimum dose of radiation that is not harmful for the intact liver tissue. In this article, the techniques and mechanisms of RE treatment as well as the indications, efficacy, and complications of RE treatment in primary and metastatic liver tumors are reviewed.
Radioembolization Concept
Radioembolization, which is also called as selective intraarterial RE or Y-90 microsphere therapy, is an intraarterial locoregional treatment method applied to primary and secondary liver tumors for palliative purposes. This process is performed with the infusion of the microspheres loaded with properly prepared Y-90 to the tumor site through hepatic artery catheterization in the interventional radiology unit. It is intended to protect the normal tissues while maximum radiation therapy is provided to the lesion because the accumulation of microspheres is higher in the tumor, particularly in the peripheral zone, than in the normal liver tissue.
Y-90 used in the radionuclide treatment is a pure beta emitter radionuclide with the average energy of 0.937MeV, average tissue penetration of 2.5 mm (maximum 10 mm), and halflife of 64.2 h (2.6 days); it turns into stable zirconium-90. Ionizing radiation has an effect on direct and indirect DNA damage in the tissue. In total, 75% of this is indirect damage. High-energy radiation and secondary electrons formed by impinging on a water molecule in the cell may cause direct DNA damage. Furthermore, the water molecule turns into highly reactive free radical molecules as a result of interaction with radiation and causes damage to adjacent DNA in an indirect manner. Oxygen should be present in the environment for the free radicals to cause damage; damage can be repaired in a hypoxic environment.
Radioembolization performed with intra-arterial injection of microspheres loaded with Y-90 is a form of brachytherapy. Like other intra-arterial therapies, this treatment focuses on the arterial bed of hepatic tumors. The external radiotherapy (RT) is thought to be ineffective in the treatment of many of unresectable liver tumors because the dose required for the cure is beyond the radiation tolerance of the entire liver. When the entire liver received >30 Gy dose for more than 3 weeks, damage risk was seen depending on fatal radiation (6) . The radiation dose required for solid tumor damage is around 70 Gy, but this is much higher than the tolerance dose of the normal liver tissue. In addition, HCC is a radiosensitive tumor, and many studies have shown that local RT contributes to tumor response in HCC and overall survival. Various techniques such as 3-dimensional conformal RT, stereotactic RT, proton beam RT, and interstitial brachytherapy have been developed to overcome liver tolerance issues (7) (8) (9) . Radioembolization, which is the subject of this article, is a form of treatment with radiation where a higher dose is given to liver tumors.
Y-90 microspheres have two different commercial forms connected with microspheres in resin (SIR-Spheres®, SirtexMedical, LaneCove, Australia) and glass (TheraSphere®, MDS Nordion, Kanata, ON, Canada) structures. The properties of resin and glass microspheres are summarized in Table 2 .
Radioembolization Application Principles
Y-90 microsphere RE application is a multidisciplinary team work that involves hepatologists, oncologists, interventional radiologists, and nuclear medicine specialists. Diagnostic angiography is performed a few weeks before the treatment. During the angiography, treatment simulation is performed using 3-5 mCi (111-185 MBq) Tc-99m macroaggregated albumin (MAA) that has similar characteristics to Y-90 microspheres. After this application, planar and tomographic scintigra- phy images (single photon emission computed tomography, SPECT) are taken, and SPECT-CT fusion images superimposed on computed tomography (CT) are obtained. Thus, it becomes possible to measure the hepatopulmonary shunt, to identify the unnoticed collateral vessels owing to the hepatic artery that will cause microspheres to escape or move to the gastrointestinal tract or other extrahepatic organs, and to predict how the therapeutic agents will distribute in the tumor area and normal liver tissue. Arteriovenous anastomoses or shunts within the tumor are the characteristics of the tumor. The shunt ratio in HCC with extensive tumor burden is more than that in metastatic tumor. An amount of microspheres pass to the lung capillary network bypassing the hepatic capillary bed. The radiation pneumonitis that may occur as a result of this is an inflammatory reaction, and pneumonia symptoms occur (dry cough, progressive dyspnea, restrictive respiratory defects, deterioration of lung functions, and even death). By drawing the interest areas of both lungs and liver over the planar thorax and abdomen anterior and posterior images, the pulmonary shunt ratio is calculated through the geometric mean method; the cumulative radiation dose that the lungs will be exposed to is determined. Preclinical and clinical studies conducted with Y-90 microspheres have demonstrated that the highest tolerable dose for the lung is 30 Gy in a single injection (10, 11) . The cumulative dose of radiation absorbed by the lungs must not exceed 50 Gy in cases where the treatment is applied several times. The total amount of the activity to be applied to the liver may need to be reduced depending on the pulmonary shunt value; the implementation of the treatment may even be contraindicated. In the case of unexpected accumulation of an excessive amount of Y-90 microspheres in the stomach, duodenum, gall bladder, pancreas, and mesentery, this treatment is not applicable because severe complications (such as gastrointestinal ulceration, bleeding, gastritis, duodenitis, cholecystitis, pancreatitis, radiation dermatitis, and pneumonia) may arise (12, 13) . Systemic treatments often deteriorate the hepatic artery flow by affecting the morphological structure in neoplastic tissue and even in normal parenchyma. All these changes may affect the 99mTc-MAA scintigraphy and thus, Y-90 microsphere distribution. In this respect, special care should be paid to irinotecan and oxaliplatin that can cause sinusoidal obstruction syndrome and to 5-FU and gemcitabine that can increase the risk of liver toxicity. Capecitabine should be interrupted for at least 2 months before radioembolization because it increases the risk of liver disease caused by radiation (14) (15) (16) . However, it is unclear whether these drugs are contraindicated for radioembolization. Because antiangiogenic drugs (bevacizumab, sorafenib) may restrict the accumulation of MAA in tumoral tissue, secondary to occurring hypoxia, it is recommended to discontinue these drugs at least 8 weeks before the assessment (17) .
In patients deemed appropriate, Y-90 microspheres are provided to the targeted liver zone through the intraarterial route at a certain dose after the order and bedside preparation.
Imaging is possible in a gamma camera (SPECT) with the bremsstrahlung radiation of Y-90 and in positron emission tomography (PET) with positron emission, and Y-90 microsphere distribution can be evaluated. Because of the better spatial resolution and higher image quality, PET-CT is advantageous in determining microsphere distribution more accurately, particularly in small lesions, and SPECT-CT has shorter acquisition time benefits; thus, either option may be preferred in imaging. If there is a gastrointestinal tract (GIT) leakage in the imaging performed after the treatment, proton pump inhibitors should be started immediately at the first hour. The images of a patient with HCC diagnosis in whom Y-90 RE treatment was performed after MAA treatment simulation and partial regression was detected in the follow-up on CT scan are shared in Figure 1 . The images of a patient who had a vascular variation characterized by MAA escape to the spleen, diaphragm and anterior abdominal wall, and who was inappropriate for RE treatment are shared in Figure 2 .
Indications and Clinical Results
Primary Liver Tumors (HCC, intrahepatic cholangiocellular carcinoma): Because RE has recently entered clinical practice, the results of the phase 3 clinical trial are still few and RE treatment is not available in some application guidelines. The randomized clinical study of RE and sorafenib therapy in HCC patients with portal vein thrombosis is being continued by the BCLC group. In the National Comprehensive Cancer Network (NCCN) guidelines, RE is recommended as a treatment option for HCC patients in the following cases (18) : in patients with Child-Pugh A-B7, non-portal hypertension, and sufficient liver reserve; as a bridge treatment option in candidates for transplantation for unresectable tumor due to inadequate hepatic reserve or tumor location; as a locoregional treatment option in patients who are unresectable and not candidates for transplantation because of insufficient hepatic reserve or tumor location; and as a locoregional treatment choice in local or minimal extrahepatic disease that is inoperable due to performance status or comorbidities. For intrahepatic cholangiocellular carcinoma, it is recommended as a locoregional treatment option in unresectable and metastatic disease. In addition, after R2 resection, it can be recommended as an adjuvant treatment or locoregional treatment option in residual local disease (18) .
Although the main application area of Y-90 RE has been reported as nonresectable advanced-stage HCC in the initial reports in the literature, the application area has been expanded in recent years. Y-90 RE can induce complete necrosis at the target lesions and can therefore be used as a bridge for liver transplantation (19) . The median overall survival after the application of Y-90 microsphere has been reported to be around 26 months in early-stage patients (BCLC A) in recent series (20) (21) (22) . Thus, it can be used as a bridge for reducing the losses on the patient waiting list of transplantation (23) . In a study conducted with Y-90 RE, the median survival was detected as 17.2 months and median progression time as 13.3 months in 83 patients in the intermediate-stage group (BCLC B) (20) . Three features seen in advanced HCC (BCLC C) worsen the prognosis, regardless of treatment modalities: impairment in performance, presence of extrahepatic disease, and/or portal vein invasion. The recommended treatment in this group of patients is tyrosine kinase inhibitors. The median survival time is between 6.5 and 9.7 months with sorafenib (24, 25) . Radioembolization may provide a similar median survival time (6-13 months) (22) (23) (24) (25) (26) . Khan et al. (27) suggested that RE is quite good in HCC for control of existing lesions but should be combined with systemic treatment owing to newly developing lesions.
Portal Vein Thrombosis:
Because of dual feeding of the liver through the hepatic artery and portal vein, the rehabilitation of potential parenchymal damage that may occur as a result of hepatic artery embolization is possible. Macrovascular occlusion of the portal vein or branches is considered to be a poor prognostic factor. This situation is a general indication of extensive intrahepatic tumor growth, extrahepatic spread, progressive functional impairment, and progressive disease and often considered to be a contraindication for TACE (28) . However, because RE has no macroembolic effect, it can be applied to patients with portal vein thrombosis (29, 30) . Al- though the width of portal thrombosis influences the survival time, no significant difference was found in terms of toxicity in the groups with and without portal vein thrombosis (29, 31) . According to a newly conducted study, in HCC patients with portal vein thrombosis, chemoembolization performed with particles secreting a drug with doxorubicin that leads to tumor necrosis at a high concentration was reported to provide better tumor control and improvement in survival than RE, and it was recommended that more studies should be conducted on this issue (32) .
Because the main cause of death in most patients with hepatocellular carcinoma is not metastases, local treatments can also be applied in the presence of metastatic burden in the nonvital organs such as bones and lymph nodes. However, extrahepatic disease is an indication of the aggressiveness of the tumor and the median survival is less in metastatic patients after RE (5.4-7.4 months). Radioembolization can be used in progressive disease where resection, percutaneous ablation, or transarterial chemotherapy is contraindicated (20, 22, 33) . Child-Pugh score greater than B7, more intrahepatic and extrahepatic tumor burden, acute or chronic renal failure, acute or severe chronic lung disease, and conditions where hepatic artery catheterization is contraindicated (such as clotting disorder, contrast allergy) are accepted as contraindications for the application of radioembolization (14) .
Radioembolization before Resection or Transplantation:
When a single lobe is treated, while atrophy develops in the lobe being treated, an increase in the contralateral lobe volume (hypertrophy) can be seen; this is defined as "radiation lobectomy." Compared with other transarterial treatments, one of the most important advantages of this treatment is contralateral hypertrophy, and this may also be effective not only in HCC but also in the other patient groups with liver metastasis. In cases where such a small tissue is left that it enables no resection type in terms of functional capacity, there is evidence showing that lobar or segmental selective RE provides surgical possibilities by causing ipsilateral segmental and contralateral lobar hypertrophy. Therefore, RE can be an important component of a multimodality treatment concept for curative purposes (34) (35) (36) .
It is difficult to predict the prognosis in patients with hepatocellular carcinoma because of the association of cirrhosis and life-threatening carcinoma, and transplantation is considered as the best treatment option because it eliminates not only the tumor but also the underlying cirrhosis. However, 50%-70% of HCC cases are determined at stages when radical treatment (resection or transplantation) cannot be implemented (37) . According to Milan criteria, the benefit of transplantation is limited with the cases of one tumor not bigger than 5 cm or three tumors, none of which is bigger than 3 cm (38) . The aim is to reduce the tumor burden prior to the transplantation, to make unresectable tumors resectable prior to surgical resection, or to facilitate the surgical procedure. Riaz et al. examined the pathological findings after Y-90 RE that they applied to 35 patients for the purpose of transplantation or bridge for resection. Accordingly, they detected complete pathological necrosis in 89% of the small lesions (1-3 cm) and in 65% of the larger lesions (3-5 cm). Compared with the pathological findings after TACE, better antitumoral effects were obtained after RE (39) .
Combination of RE with Systemic Therapies: Because most HCC cases are detected at an intermediate or advanced stage, local ablation, resection, or transplantation cannot be a treatment option. Furthermore, unfortunately, there is no effective systemic chemotherapeutic treatment in these patients.
Monoclonal antibodies (such as rituximab, bevacizumab, cetuximab) and tyrosine kinase inhibitors (such as sorafenib, erlonitib, sunitinib) provide a more moderate survival benefit than supportive therapy in advanced-stage HCC (4, 40) . With the synergistic effect resulting from the combination of the different mechanisms, survival can be increased using radioembolization and sorafenib together. It was shown that 23-month survival could be obtained using a combination of the two treatments in a patient and the hepatopulmonary shunt ratio was reduced using sorafenib prior to RE (41, 42) .
Liver Metastasis: Colorectal cancer is the third most common cancer. The most common site of metastases is the liver, and the leading cause of death is liver failure due to metastasis. Although the first treatment choice of hepatic metastases is surgical resection, it may be possible with a small number of patients. In unresectable disease, the standard treatment is chemotherapy (fluoro-pyrimidines, oxaliplatin, irinotecan) or systemic treatment with targeted agents (such as monoclonal antibodies) (43) . Y-90 RE provides a minimal morbidity and reasonable overall survival in these patients and even a partial benefit in chemotherapy-resistant cases (44, 45) . In the prognosis study of the colorectal metastatic patients according to the KRAS mutation status, the overall survival with RE treatment was reported to be better in KRAS wild-type than the mutants (46) . Neuroendocrine tumors are rare and account for approximately 0.5% of all malignancies. Liver metastasis is seen in the majority of patients and is the cause of poor prognosis. The first choice of treatment is surgery for liver metastasis; however, because the lesions are usually numerous or large, there is no chance for surgery. The liver metastases of neuroendocrine tumors are hypervascular, and their blood is largely supplied through the hepatic artery; they are suitable for RE with these characteristics. Although close or better results are reported with TACE in the literature, comparative studies are needed. Radioembolization may provide the control of the tumor and may prepare the patient for other treatment options such as radiofrequency ablation, resection, or transplantation (47) .
Breast cancer is the most common cancer in women, and the life-long risk estimate is approximately 10%-15%. The prognosis of the local disease is very good (5-year survival 99%).
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However, 20% of patients are metastatic (bone, liver, lung, brain), and liver metastasis exists in approximately 15% of them. The survival benefit of local therapies applied in addition to systemic treatments has been reported in breast cancer patients with liver metastases, and the most benefit has been found in patients with small lesions, receiving limited systemic therapy (48) . RE is safe in this group of patients and stops or slows down the progression of lesions that are resistant to chemotherapy or targeted treatment (49) . The factors that positively affect the prognosis are the limited extent of the tumor in the liver parenchyma, application of RE after chemotherapy, and radiological response. However, though the liver lesions respond very well because of the presence of extrahepatic metastases in some patients, it does not change the survival much (49) .
Uveal malignant melanoma is the most common primary intraocular tumor in adults and tends to metastasize to the liver; death often occurs because of liver failure. There are limited number of studies on the implementation of RE for liver metastases (47) .
Although RE treatment has been applied to a limited number of liver metastases of other primary tumors, tumor response close to HCC and colorectal metastasis has been reported (47) . With the increase in the literature and experience, RE treatment may become a standard option in all types of primary and secondary liver tumors for which surgery is not intended as a general approach and which do not benefit from routine treatment (14, 29, 47) .
Complications and Countermeasures
Radiation Pneumonitis: Lung tissue is very sensitive to radiation. Because of arteriovenous shunts in the metastatic lesions, a portion of the Y-90 microspheres provided into the liver through intra-arterial injection enters the lungs, and if this amount is huge, the risk of radiation damage significantly increases. The resulting symptoms are dry cough, progressive dyspnea, restrictive respiratory distress, and even death after a month of application (50) . The pulmonary shunt rate is important in Tc-99m-MAA scintigraphy performed prior to the treatment in order to minimize pulmonary side effects.
Liver Toxicity: Cell damage may develop in healthy parts of the liver after RE, and the resulting impairment of the liver function can be identified through laboratory tests and clinical findings. The functional capacity and regeneration ability of the liver are decreased in cirrhotic patients. Furthermore, because of the changes in microvascular patterns and the presence of arteriovenous/arterioportal shunts in cirrhotic patients, expected microsphere distribution may change and liver toxicity may develop. The general opinion is that the dose that a healthy liver parenchyma should receive is below 50 Gy and this limit should even be 40 Gy in a cirrhotic tissue (15) . If the cirrhosis does not exist or if there is no intense exposure to chemotherapeutic agents before/immediately after RE, this complication is extremely rare. This complication can be temporary or permanent, and its incidence is less than 10%. Prophylaxis and conservative treatments are recommended with low-dose steroids.
Radiation-Induced Cholecystitis:
It occurs when Y-90-loaded reach the gallbladder through the cystic artery. It may be useful to provide the microspheres to the distal part of cystic artery in order to prevent cholecystitis due to radiation. The treatment is conservative in most cholecystitis cases. However, cholecystectomy may be required in patients with emphysematous cholecystitis or gallbladder perforation (51, 52) .
Gastrointestinal Complications:
The main reason for the diffusion of the radioactive microspheres to the extrahepatic organs is the collaterals arising from the extrahepatic connections and hepatic artery. These collaterals must be identified at angiography, and if any, they should be embolized prior to the treatment. In addition to the radiation, because of the embolization and hypoxia caused by the spheres, ulceration and even perforation in the stomach and duodenum may develop (53) . Therefore, all extrahepatic connections should be identified and embolized prior to radioembolization. In a study investigating whether gastrointestinal symptoms, besides microsphere leak, developed because of its proximity to the liver, it was reported that despite the close neighborhood, the stomach was not affected by radiation in patients undergoing RE applications in the left lobe of the liver (54).
Treatment Failure Causes
In total, 80% of the normal liver is supplied with blood by the portal vein and 20% by the hepatic artery. However, the blood supply to the tumor tissue occurs to a greater extent through the hepatic artery. The mesenteric system and hepatic arterial bed anatomy involve many variations (45%-35%). Commonly, aberrant and accessory branches are considered. Digital subtraction angiography (DSA) successfully shows the vascular anatomy. The veins unseen previously may become more apparent after embolization of the gastroduodenal artery and right gastric artery. In addition, the extrahepatic arteries (such as inferior phrenic, intercostal, and internal mammary) support the adjacent liver tissue. Because of this, tumors in these areas would exhibit a partial response to local treatment or recurrence. Other than that, treatments such as chemoembolization and surgical ligation of the hepatic arteries that were previously applied and could disrupt the normal hepatic structure may cause RE failure (55) (56) (57) . Treatment with a more optimal dose can be provided to the tumor with the developments in calculation methods of the Y-90 dose.
When RE is applied in combination with the radiosensitizing agents, the effectiveness of treatment can increase.
Conclusion
Y-90 microsphere RE therapy is an effective, well-tolerated, locoregional, and intriguing treatment option that can be applied to primary and metastatic liver tumors with no potential
Bezmialem Science 2016; 1: [25] [26] [27] [28] [29] [30] [31] [32] curative therapy. The toxicity of the process is low, but because of the potential for serious complications, a multidisciplinary evaluation and rigorous technical application are required.
